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Abstract
Background: Socio-economic inequalities in mortality are well established, yet the contri-
bution of intermediate risk factors that may underlie these relationships remains unclear.
We evaluated the role of multiple modifiable intermediate risk factors underlying socio-
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economic-associated mortality and quantified the potential impact of reducing early all-
cause mortality by hypothetically altering socio-economic risk factors.
Methods: Data were from seven cohort studies participating in the LIFEPATH
Consortium (total n¼179 090). Using both socio-economic position (SEP) (based on
occupation) and education, we estimated the natural direct effect on all-cause mortal-
ity and the natural indirect effect via the joint mediating role of smoking, alcohol in-
take, dietary patterns, physical activity, body mass index, hypertension, diabetes and
coronary artery disease. Hazard ratios (HRs) were estimated, using counterfactual nat-
ural effect models under different hypothetical actions of either lower or higher SEP
or education.
Results: Lower SEP and education were associated with an increase in all-cause mortal-
ity within an average follow-up time of 17.5 years. Mortality was reduced via modelled
hypothetical actions of increasing SEP or education. Through higher education, the HR
was 0.85 [95% confidence interval (CI) 0.84, 0.86] for women and 0.71 (95% CI 0.70, 0.74)
for men, compared with lower education. In addition, 34% and 38% of the effect was
jointly mediated for women and men, respectively. The benefits from altering SEP were
slightly more modest.
Conclusions: These observational findings support policies to reduce mortality both
through improving socio-economic circumstances and increasing education, and by al-
tering intermediaries, such as lifestyle behaviours and morbidities.
Key words: Socio-economic inequalities, all-cause mortality, mediation, intervention, health behaviours, causal
inference, multiple mediators
Introduction
Those who experience greater socio-economic deprivation
have higher risks for poorer health, accelerated biological
ageing and early death.1–5 Several factors underlie these
risks, including, but not limited to, differences in access to
healthcare and health information,6 behaviours such as
smoking,7 alcohol intake,8 dietary habits,9 physical activ-
ity10 and drug use,11 greater exposure to environmental
and occupational hazards12 and increased psychosocial
stress.13 Estimating the causal underpinnings of socio-eco-
nomic-associated morbidity and mortality is complex, as
several potential biological mechanisms and health behav-
iours likely lie on the causal path. Disentangling the spe-
cific and integrative causal chains of these factors is further
complicated by the disparate methodological approaches
that may influence studies’ findings, validity and causal
conclusions. For example, traditional methodological
approaches in mediation, such as the difference and/or
product of coefficients, may lead to conclusions that differ
between studies (e.g. the magnitude of the direct and
indirect effects) and may not be optimal for causal inter-
pretations.14,15 To reduce the disease burdens from socio-
economic inequalities, it is imperative to disentangle these
complexities and clarify causal relationships, using coun-
terfactual methods.
Lifestyle factors and health-related behaviours have pre-
viously been linked to mortality.4 Specifically, smoking, al-
cohol consumption, physical activity and diet have been
put forth as putative mediating pathways underlying socio-
economic-associated adverse health outcomes and
Key Messages
• Socio-economic-associated mortality differed based on one’s socio-economic position (SEP) or level of education.
• Up to 38% and 34% of the effect of education on mortality was mediated by the joint mediators of smoking, alcohol
consumption, adherence to a Western dietary pattern, physical activity, body mass index and morbidities of hyperten-
sion, diabetes and coronary artery disease.
• Socio-economic-associated mortality could be reduced both through a hypothetical intervention on SEP or education
(natural direct effect) and through the joint mediators considered (natural indirect effect).
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mortality, as highlighted in a recent systematic review.16 In
addition to their mediating roles, lifestyle behaviours along
with morbidities contribute independently to years of life
loss. For example, we recently identified that lower socio-
economic position (SEP) was associated with a 2.1-year re-
duction in life expectancy (after adjustment for lifestyle
risks), with lifestyle factors and co-morbidities differing in
their contribution.5 These, along with other findings, dem-
onstrate the potential for reducing socio-economic-associ-
ated mortality, either directly or indirectly by altering one
or more of these modifiable risk factors.17 Yet, some
authors have suggested that socio-economic differentials in
health behaviours account for only a modest proportion of
social inequalities in overall mortality.18 Likely inconsisten-
cies in mediated effects from previous studies may have
been underestimated by only assessing a single or few medi-
ator(s) and/or by introducing over-adjustment bias by con-
trolling for an intermediate variable (or a descending proxy
for an intermediate variable).19 Controlling for intermedi-
ate variables may block some of the effects of socio-eco-
nomic conditions. The application of empirical methods
within the counterfactual mediation framework, along with
the assessment of multiple mediators,20,21 can facilitate the
identification and quantification of pathways that underlie
socio-economic-related all-cause mortality via potential
outcomes that might have been observed had the exposure
and/or intermediate risk factor(s) been different and can es-
timate effects under hypothetical interventions.
In the LIFEPATH project22—an international study
comprising multiple cohorts—we have previously estab-
lished an association between socio-economic indicators
and all-cause mortality.5,23 In the present study, we aim to
decompose these associations, considering the causal
structures posited in Figure 1, to determine the causal pro-
cesses underlying socio-economically patterned adverse
health outcomes that are amenable to intervention. Our
approach builds on the emerging body of causal inference
for social epidemiology,24 but aims to explain more fully
causal processes by assessing multiple mediators, using
multiple large representative cohorts, and by addressing
previous methodological limitations. We assess two socio-
economic indicators—SEP and education—and apply
counterfactual mediation analysis, considering the joint
mediating role of known consequences of socio-economic
indicators on lifestyle behaviours,4 such as smoking, alco-
hol intake, dietary patterns,25 physical activity26 and the
intermediate phenotype of body mass index (BMI)27 and
morbidities,28–30 such as hypertension, diabetes and coro-
nary artery disease. We address joint mediation because, as
shown in Figure 1, the causal order of mediators to one an-
other can often be of question (Figure 1A and B), thus it
can be difficult to obtain path-specific decompositions, ir-
respective of the causal links between mediators.
Therefore, we addressed mediation ‘en bloc’, where all
mediators (M) are considered jointly (Figure 1C). By
decomposing these effects, the results of this study could
extend into potential social investment and policy recom-
mendations to reduce the burden of socio-economic
inequalities on all-cause mortality across populations.
Methods
Cohort selection
Of the 18 cohorts represented in LIFEPATH,22 only adult
cohorts were included for the present study. Of these
Figure 1. Causal structures of mediators considered: representing two potential causal structures of socio economic position (SEP), mediating life-
style behaviours (ML), an intermediate phenotype (MP) of body mass index (BMI) and co-morbidities (MM), and the causal structure of all mediators
(M) assessed jointly (C) in the present study. (A) displays a Directed Acyclic Graph (DAG) where SEP leads to changes in ML, MP and MM, whereas
(B) displays an alternative causal structure where SEP influences ML and ML influences MP, but MM influences MP. Based on these two potential
directions (among others not represented) between mediators, we assess all mediators ‘en bloc’ as displayed in (C).
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cohorts, we further prioritized those with detailed informa-
tion for each mediator. Based on these criteria, seven
cohorts (n¼179 090) are represented in the present study,
namely CoLaus (n¼4605), E3N (n¼ 74 521), EPIC-Italy
(n¼ 33 151), EPIPorto (n¼ 1780), Gazel (n¼ 15 585),
MCCS cohort (n¼ 41 412) and Whitehall II (n¼ 8036).
A full description of these cohorts is presented as
Supplementary data, available at IJE online.
Exposures, mediators and outcome
The proposed causal structure underlying our study is rep-
resented by Figure 1. Data from the present study consists
of previously harmonized variables described elsewhere23
and is detailed further as Supplementary data, available at
IJE online. We considered both individual’s SEP and edu-
cation at baseline as separate socio-economic indicators.
This is due to the fact that different health patterns have
been observed based on the measure used to represent
socio-economic inequalities (e.g. income, occupation, edu-
cation) and, whereas there are correlations among these
measures, each may represent distinct socio-economic in-
formation.31 SEP was based on individuals’ last occupa-
tional position, dichotomized as lower SEP for manual
employees and higher SEP for non-manual employees. This
was used as a socio-economic indicator for six out of the
seven cohorts, as information was not available for the
MCCS cohort. For all cohorts, the individual’s education
was available and was harmonized and dichotomized as
lower education for compulsory education and higher edu-
cation for non-compulsory education.
A full description of the mediators considered is pre-
sented in Supplementary data, available at IJE online.
ML comprised self-reported smoking (dichotomized as
never-smoker and ever-smoker), alcohol intake, measured
as units per day (dichotomized as  or > 2 drinks per day
for men and  or > 1 drink per day for women), quartiles
of a dietary score that represents a degree of adherence to
a Western dietary pattern and physical activity (dichoto-
mized as active or not active). MP (BMI) was categorized
as normal (25 kg/m2), overweight (25 to <30 kg/m2) or
obese (30 kg/m2). MM comprised hypertensive (defined
by individuals having a systolic blood pressure
140 mm Hg or diastolic blood pressure 90 mm Hg or
self-report use of medication for the treatment of hyper-
tension) or non-hypertensive, diabetic (defined by one of
the following states: fasting glucose 7 mmol/L, 2-hour
post-load glucose 11.1 mmol/L, glycated haemoglobin
A1c >6.5% or self-reported diabetes) or non-diabetic,
and coronary artery disease (CAD) (based on self-report
of an event of angina and/or heart attack). All cohorts
had longitudinal data available, with data-collection
dates ranging from 1989 to 2013 (Supplementary Table
2, available as Supplementary data at IJE online). To
avoid cross-sectional mediation analyses and the potential
for reverse causality, where possible, all mediators fol-
lowed SEP or education exposure at baseline and pre-
ceded mortality; however, this was not true for all
cohorts. For example, in CoLaus, EPIC-Italy, EPIPorto
and MCCS cohort diet was assessed at baseline. Each set
of mediators was considered at only one time point,
where the timing of assessment differed across the life
course among the cohorts.
Potential confounders were selected based on their previ-
ously known association with the exposures, any of the
mediators and the outcome, and that do not lie on the
causal path, identified by a Directed Acyclic Graph (DAG).
Age at baseline (continuous) and marital status at baseline
(dichotomized as those who were married or cohabitating
or those who were single, separated, divorced or widowed)
were considered. The outcome of interest was time-to-
death from any cause, with time in years since cohort entry
as the underlying timescale. Left truncation was taken into
account by adjusting for age at recruitment.
Statistical framework and analysis
All analyses were conducted using R.32 Adjusted survival
curves for all-cause mortality, stratified by sex to investi-
gate the sex-based differences in survival rates, were plot-
ted for both SEP and education using the R package
survminer.33 To estimate the effect of socio-economic indi-
cators and the joint mediating role of all mediators on all-
cause mortality, we used natural effect models (NEMs)
based on a counterfactual method, established by Lange
et al.,34 to estimate the natural direct effect (NDE), natural
indirect effect (NIE) and total effect (TE). Formulation of
and assumptions underlying natural effects have been dis-
cussed in detail elsewhere.35,36 Briefly, these assumptions
are the identification assumption of no unmeasured and
uncontrolled confounding of the exposure–mediator, me-
diator–outcome, mediator–mediator or exposure–outcome
relationship, positivity, consistency and sequential ignora-
bility, and are further detailed elsewhere specifically for
NEMs.34 When there is more than one mediator, the se-
quential ignorability assumption might be violated. To sat-
isfy this assumption, we take a joint mediation approach,
where the causal dependence of the joint mediators and the
sequential ignorability assumption is now for a vector of
mediators instead of a single mediator. Additionally, be-
cause the outcome is survival, we also assume that censor-
ing is independent of event time.
We investigate two scenarios of counterfactual expo-
sures, to estimate the counterfactual effects of both socio-
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economic indicators, SEP and education (assessed sepa-
rately). These two scenarios are highlighted to demonstrate
differences in effects under two hypothetical actions, the
first of no action on socio-economic conditions of lower
SEP (SEPL) or lower education (EDUL) or an action to in-
crease socio-economic conditions to higher SEP (SEPH) or
higher education (EDUH). Additionally, we estimate the
role of mediators under both actions (of lower and higher
socio-economic conditions) and capture the NDE and NIE
under joint mediation, which is important as the NDE may
depend on the natural level at which the mediator(s) is
allowed to vary for NEMs and the NIE may depend on the
level to which the exposure is set. Specifically, we esti-
mated the counterfactual survival time (T) that would have
been observed had the exposure to SEP or education (A)
been set to the contrary a and all mediators (M) to m. For
SEPH/EDUH, let A¼ a represent a state in which (if con-
trary to the fact) a is set to lower SEP or lower education
and A¼ a* represents a state in which (if contrary to the
fact) SEP or education is set to higher, where the reverse is
true for the SEPL and EDUL. Let M(a) and M(a*) denote
the joint mediators with two corresponding potential out-
comes. T(a, m) denotes the potential outcome when the ex-
posure is set to a and the mediator is set to m.
Estimands for the NDE, of the socio-economic indica-
tors on all-cause mortality, NIE through the intermedi-
ates, TE of both the NDE and NIE, and proportion
mediated (PM) were derived based on NEMs, which are
conditional mean models for nested counterfactuals.37–39
These address previous limitations of traditional media-
tion analyses, based on marginal structural models that di-
rectly parameterize the natural direct and indirect
effects.34 This method estimates the parameters of the
marginal structural model37 by using inverse probability
of treatment weights, creating a pseudopopulation to re-
move covariate imbalances between the two exposure
groups of lower and higher SEP or education. Specifically,
the marginal NEM parameterizes E(Y(a, M (a*))) ¼ g(a,
a* ; b ), where Y is an outcome and g is a known link func-
tion (e.g. logistic for odds ratios), where the data for a are
augmented so that a* ¼ 1, and we fit the model to the new
data set, with weights (w) for individual i p(M ¼ mi
jA¼ a* i, wi) p(M¼m i jX ¼ xi, wi). To obtain estimates
for NEM for survival outcomes, we used the approach by
Lange et al.34 to (i) fit a parametric Weibull survival
model for survival times with either SEP or education (sep-
arately), all mediators and confounders, (ii) impute the
nested counterfactuals and (iii) fit a Cox model including
the observed mortality status, the counterfactual mortality
status and all confounders, to calculate hazard ratios
(HRs) and 95% confidence intervals (CIs) using a boot-
strap procedure with 1000 draws.
Under the different simulated hypothetical actions, we es-
timated the effect of (SEPL, EDUL) for population total effects
(TEL), the NDE (NDEL) and NIE (NIEL). Second, to deter-
mine the potential effects of a hypothetical intervention
(SEPH, EDUL), we estimated the effects under an action of in-
creasing SEP or education to a higher status for the TE
(TEH), NDE (NDEH) and NIE (NIEH). NEM models were
fitted separately for men and women, as sex has been previ-
ously demonstrated in LIFEPATH as an effect modifier of
socio-economic-associated all-cause mortality.23 A cohort-
specific analysis was performed for each cohort separately,
adjusting for potential confounders, age and marital status. In
pooled analyses, data across all cohorts were combined,
the same covariates of age at baseline and marital status were
included in these models, as was a fixed effect for cohort to
account for potential cohort effects.
To assess the sensitivity of our results to possible violations
of the assumptions of the causal estimands, we addressed two
of our causal assumptions in the pooled cohort analyses un-
der the hypothetical action of lower SEP and education. For
the first sensitivity analysis, we evaluate the assumption that
marital status is a potential confounder of the exposure,
mediators and/or outcome. To determine whether marital sta-
tus acts as a potential mediator, we added marital status as a
joint mediator alongside the other mediators. To assess mari-
tal status as a potential effect modifier, we ran models sepa-
rately for men and women, and stratified further by marital
status. For the second sensitivity analysis, we addressed the
potential relationship between SEP and education. In our pri-
mary analysis, we treated education and SEP as separate
exposures, but they may influence one another, where educa-
tion can influence one’s SEP. To address this, we ran our
models of EDUL including SEP as a mediator, with and with-
out an interaction term between SEP and education. The
causal effects estimated are the NDE of lower education on
all-cause mortality and the NIE of joint mediators through
the previous intermediates accessed along with SEP.
Results
Characteristics of the population
Summary statistics, including information on mediators,
assessed separately for males and females for both SEP and
education, and for all individuals presented in Table 1.
Summary statistics for each cohort are presented in
Supplementary Table 3, available as Supplementary data
at IJE online. There were more women (n¼ 131 020) than
men (n¼ 48 070), largely due to the fact that E3N is an all-
female cohort. There were more men and women who had
lower education (75% and 71%, respectively) than lower
SEP (23% and 39%, respectively). At the end of follow-up,
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there were 19 866 (11.1%) deaths. Participants were an av-
erage age of 50 [8.1 standard deviation (SD)] at baseline.
The average follow-up time was 17.5 years (4.6 SD).
Total effect of setting SEP and education to a
lower level (TEL) on all-cause mortality
There was lower survival for women and men with lower
SEP or education compared higher SEP or education
(Figure 2). In the pooled analyses, for SEP, the TEL HR
was 1.06 (95% CI 1.05, 1.07) and 1.30 (95% CI 1.24,
1.30) for all-cause mortality for women and men, respec-
tively, whereas participants with lower education had a
TEL HR of 1.18 (95% CI 1.16, 1.19) and HR of 1.38
(95% CI 1.35, 1.40) compared with those with higher edu-
cation for women and men, respectively (Table 2). The
same pattern for lower vs higher education was apparent
in the cohort-specific analysis for men and women, with
the magnitude of effect differing by cohort. However, this
was not so for SEP among women in Gazel.
Total effect of setting SEP and education to a
higher level (TEH) on all-cause mortality
A decrease in the hazard rate for mortality was observed
for both women and men if (contrary to the facts) everyone
had a higher SEP or education compared with if (contrary
to the facts) everyone had a lower SEP (Table 2). The
mortality gradient would decrease to an estimated TEH
HR of 0.94 (95% CI 0.93, 0.95) for women and to an esti-
mated TEH HR of 0.80 (95% CI 0.78, 0.82) for men by al-
tering the SEP (Table 2). The same trend was observed in
the cohort-specific analysis, except for women in Gazel
(Table 2). By hypothetically altering education from a
lower to a higher status, the mortality gradient would de-
crease to a TEH HR of 0.85 for women (95% CI 0.84,
0.86) and to a TEH HR of 0.71 (95% CI 0.70, 0.74) for
men. The same direction for the TEH HR estimates was ob-
served in the cohort-specific analysis (Table 2).
Decomposition of the effect of an action to
increase SEP or education on all-cause mortality
through joint mediation
The effect of increasing SEP or education on all-cause mor-
tality has two components: the natural direct effect of SEP
or education not through the mediators assessed (NDEH)
and the natural indirect effect through all mediators exam-
ined (NIEH).
For women, in the pooled analysis, under higher SEP, the
direct effect (NDEH) HR was 0.92 (95% CI 0.91, 0.93). This
corresponds to the indirect effect under exposure to higher
SEP (NIEH) HR of 1.03 (95% CI 1.01, 1.04). The PM for
women is uninterpretable because the direct and indirect
effects operate in opposite directions. For education, the di-
rect effect (NDEH) HR was 0.90 (95% CI 0.89, 0.91). The
Figure 2. Survival curves for women and men by two socio-economic indicators of socio-economic position (SEP) and education, adjusted for age,
marital status and cohort. Higher socioeconomic indicators are represented by the dotted lines and lower socioeconomic indicators are represented
by solid lines.
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Table 2. Natural effect estimates pooled and by cohorta separately for men and women, displaying total, natural direct and indi-
rect effects for socio-economic indicators of socio-economic position and education, and joint mediation by smoking, alcohol
consumption, Western dietary pattern, physical activity, body mass index, coronary artery disease, diabetes and hypertension
Socio-economic positionb
Cohort HR HR HR HR HR HR HR
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
TEL TEH NDEH NDEL NIEH NIEL PM
Pooledw 1.06 0.94 0.92 1.09 1.03 0.97 –0.46
(1.05, 1.07) (0.93, 0.95) (0.91, 0.93) (1.08, 1.10) (1.01, 1.04) (0.96, 0.99) (–0.73, –0.23)
EPIC-ITw 1.08 0.93 0.90 1.11 1.03 0.97 –0.38
(1.07, 1.08) (0.92, 0.93) (0.89, 0.92) (1.09, 1.12) (1.01, 1.04) (0.96, 0.99) (–0.59, –0.17)
EPIPORTOw 2.05 0.49 0.71 1.40 0.69 1.50 0.53
(1.92, 2.23) (0.45, 0.53) (0.67, 0.75) (1.34, 1.48) (0.65, 0.72) (1.40, 1.54) (0.48, 0.58)
GAZELw 0.84 1.18 1.11 0.90 1.07 0.94 0.36
(0.78, 0.91) (1.09, 1.28) (1.06, 1.17) (0.85, 0.95) (1.001, 1.13) (0.88, 0.99) (0.0078, 0.60)
WHITEHALLw 1.06 0.94 0.96 1.04 0.98 1.02 0.29
(1.04, 1.08) (0.92, 0.96) (0.92, 0.99) (1.0, 1.08) (0.94, 1.03) (0.98, 1.06) (–0.46, 0.97)
Pooledm 1.30 0.80 0.83 1.22 0.97 1.04 0.17
(1.24, 1.30) (0.78, 0.82) (0.81, 0.84) (1.20, 1.24) (0.95, 0.99) (1.02, 1.10) (0.088, 0.24)
CoLausm 1.31 0.77 0.81 1.24 0.96 1.06 0.13
(1.08, 1.54) (0.64, 0.92) (0.74, 0.89) (1.12, 1.36) (0.96, 1.008) (0.95, 1.17) (–0.43, 0.40)
EPIC-ITm 1.21 0.83 0.87 1.15 0.95 1.06 0.30
(1.21, 1.23) (0.82, 0.83) (0.85, 0.89) (1.13, 1.17) (0.93, 0.97) (1.03, 1.08) (0.18, 0.40)
EPIPORTOm 1.10 0.95 0.97 1.03 0.98 1.02 0.28
(1.01, 1.10) (0.91, 1.00) (0.91, 1.05) (0.95, 1.10) (0.90, 1.06) (0.94, 1.11) (–2.9, 2.80)
GAZELm 1.31 0.77 0.73 1.40 1.05 0.95 1.39
(1.24, 1.38) (0.73, 0.81) (0.71, 0.75) (1.33, 1.42) (1.01, 1.10) (0.91, 0.99) (–0.83, 2.40)
WHITEHALLm 1.54 0.65 0.75 1.33 0.86 1.20 0.34
(1.40, 1.70) (0.60, 0.71) (0.71, 0.79) (1.26, 1.39) (0.79, 0.93) (1.07, 1.30) (0.19, 0.46)
Educationc
TEL TEH NDEH NDEL NIEH NIEL PM
Pooledw 1.18 0.85 0.90 1.11 0.95 1.06 0.34
(1.16, 1.19) (0.84, 0.86) (0.89, 0.91) (1.10, 1.12) (0.94, 0.96) (1.04, 1.07) (0.29, 0.38)
EPIC-ITw 1.10 0.96 0.98 1.02 0.97 1.03 1.39
(0.98, 1.11) (0.88, 1.02) (0.95, 1.02) (0.98, 1.06) (0.93, 1.02) (0.98, 1.08) (–0.83, 2.4)
EPIPORTOw 2.75 0.36 0.58 1.71 0.62 1.61 0.47
(2.07, 3.74) (0.26, 0.49) (0.49, 0.68) (1.48, 2.00) (0.53, 0.72) (1.39, 1.89) (0.43, 0.50)
GAZELw 2.67 0.51 0.55 1.65 0.93 1.62 0.10
(2.01, 3.64) (0.41, 0.62) (0.49, 0.60) (1.43, 1.94) (0.82, 1.04) (1.39, 1.90) (–0.8, 0.23
WHITEHALLw 1.03 0.97 1.00 0.99 0.96 1.04 0.10
(0.96, 1.13) (0.89, 1.1) (0.96, 1.06) (0.94, 1.05) (0.90, 1.03) (0.97, 1.10) (–0.8, 0.23)
MCCSw 1.19 0.84 0.91 1.10 0.92 1.10 0.45
(1.15, 1.22) (0.81, 0.87) (0.89, 0.93) (1.08, 1.12) (0.90, 0.95) (1.05, 1.11) (0.34, 0.51)
E3Nw 1.16 0.87 0.92 1.10 0.94 1.06 0.42
(1.14, 1.17) (0.86, 0.88) (0.91, 0.93) (1.08, 1.10) (0.93, 0.95) (1.05, 1.07) (0.36, 0.47)
Pooledm 1.38 0.71 0.82 1.22 0.89 1.13 0.38
(1.35, 1.40) (0.70, 0.74) (0.81, 0.83) (1.21, 1.24) (0.87, 0.90) (1.11, 1.15) (0.35, 0.42)
CoLausm 1.80 0.58 0.66 1.53 0.88 1.17 0.26
(1.50, 2.23) (0.47, 0.70) (0.59, 0.73) (1.39, 1.71) (0.79, 0.98) (1.05, 1.32) (0.14, 0.36)
EPIC-ITm 1.72 0.61 0.67 1.52 0.90 1.13 0.20
(1.44, 2.13) (0.55, 0.66) (0.64, 0.71) (1.38, 1.69) (0.85, 0.95) (1.02, 1.27) (0.11, 0.28)
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effect via the mediators when education was higher was that
the (NIEH) HR was 0.95 (95% CI 0.94, 0.96). The PM by all
joint mediators was 34%. The direction of the NIE/NDE var-
ied by cohort (Table 2).
For men, in the combined cohort analysis, under higher
SEP, the direct effect (NDEH) HR was 0.83 (95% CI 0.81,
0.84) and the effect via the mediators when exposed to
higher SEP was that the (NIEH) HR was 0.97 (95% CI
0.95, 0.99) (Table 2). The PM by all joint mediators was
17%. Similar results were observed in the cohort-specific
analysis, except for the NIEH for Gazel, which was below
the null value (Table 2). For education, the direct effect
(NDEH) HR was 0.82 (95% CI 0.81, 0.83). The effect via
the mediators with higher education was that the (NIEH)
HR was 0.89 (95% CI 0.87, 0.89). The PM by all joint
mediators was 38%.
Sensitivity analyses
When assessing marital status as a potential mediator (along
with the other mediators), there was no difference in the ef-
fect estimates compared with adjusting for marital status as a
potential confounder for education and for men with SEP;
however, there was a slight increase in the NDE, NIE and TE
for women with SEP (Supplementary Table 4, available as
Supplementary data at IJE online). However, when assessing
marital status as a potential effect modifier of the relationship
between SEP and education, intermediates and all-cause mor-
tality, we found that the HR differed depending on the socio-
economic indicator used and by sex (Supplementary Table 5,
available as Supplementary data at IJE online). To assess the
relationship between education and SEP together on all-cause
mortality, we ran sensitivity analyses including SEP as a joint
mediator between education and all-cause mortality. The di-
rect and TE of lower education on all-cause mortality did not
change for men or women; however, the NIE and TE in-
creased slightly by including SEP compared with education
modelled alone (Supplementary Table 6, available as
Supplementary data at IJE online).
Discussion
We investigated the joint-mediatory role of lifestyle factors
and co-morbidities underlying the effects of SEP (based on
last occupation) and education and all-cause mortality.
Overall, we found there was a higher hazard rate for mor-
tality with lower SEP and education compared with higher
SEP and education, effects were partially mediated by life-
style factors and co-morbidities, and effects could be re-
duced through a hypothetical intervention to increase SEP
or education.
The higher hazard rate for mortality observed in the
present study with lower SEP and education relative to
higher SEP and education is not surprising, as this has been
demonstrated within LIFEPATH5,23 and several other
studies (as reviewed by40). Similarly to previous studies,40
we observed differences in the effects of lower SEP and ed-
ucation on mortality by sex, where the hazard rate was
higher for men than for women. Additionally, differences
in mortality depended on the socio-economic indicator
evaluated, where effects were higher when assessing
education compared with SEP. This finding supports the
argument to assess SEP and education as distinct socio-eco-
nomic indicators and not interchangeably.31 Differences
Table 2. continued
Educationc
TEL TEH NDEH NDEL NIEH NIEL PM
EPIPORTOm 2.20 0.46 0.52 1.93 0.88 1.14 0.15
(1.79, 2.77) (0.37, 0.56) (0.43, 0.58) (1.72, 2.19) (0.77, 1.01) (0.98, 1.33) (–0.09, 0.29)
GAZELm 2.24 0.53 0.66 1.95 0.81 1.15 0.16
(1.84, 2.80) (0.50, 0.57) (0.63, 0.68) (1.75, 2.20) (0.78, 0.85) (0.99, 1.34) –0.012, 0.30)
WHITEHALLm 1.10 0.91 0.94 1.06 0.96 1.04 0.40
(1.08, 1.12) (0.88, 0.93) (0.92, 0.97) (1.03, 1.09) (0.93, 0.99) (1.01, 1.07) (0.13, 0.67)
MCCSm 1.34 0.77 0.83 1.17 0.93 1.15 0.47
(1.31, 1.37) (0.75, 0.79) (0.82, 0.85) (1.15, 1.19) (0.91, 0.95) (1.12, 1.17) (0.40, 0.52)
aPooled models were adjusted for age, marital status and cohort status, and cohort-specific models were adjusted for age and marital status.
bn¼ 32 067 for women and n¼ 31 089 for men.
cn¼ 131 020 for women and n¼ 48 033 for men.
HR, hazard ratio; TEL, total effect where socio-economic indicators are set to lower status; TEH, total effect where socio-economic indicators are set to a higher
status; NDEL, natural direct effect where socio-economic indicators are set to a lower status; NDEH, natural direct effect where socio-economic indicators are set
to a higher status; NIEL, natural indirect effect where socio-economic indicators are set to lower status through all mediators; NIEH, natural indirect effect where
socio-economic indicators are set to higher status through all mediators; PM, the proportion of the effect where socio-economic indicators are set to higher that is
mediated through all mediators; m, men; w, women.
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observed between countries, specifically the UK (Whitehall
II), compared with others could be partly explained by dif-
ferences in health behaviours in northern and southern
European regions.41,42
The effect of education or SEP on all-cause mortality
was partially mediated by smoking, alcohol consumption,
adherence to a Western dietary pattern, physical activity,
BMI and co-morbidities of hypertension, diabetes and
CAD, as jointly modelled. This finding is supported by pre-
vious studies that estimated potential mediated paths be-
tween socio-economic indicators and all-cause mortality,
where, in a recent systematic review, smoking, alcohol
consumption, physical activity and dietary patterns
(assessed separately) contributed independently to socio-
economic-associated mortality.16 The indirect effects were
stronger when assessing education compared with SEP,
where up to 38% and 34% of the effect of education on
mortality was mediated by the joint mediators for both
men and women, respectively. A previous study, using a
similar counterfactual framework, found that educational
attainment had mediating and interacting effects with
health behaviours (assessed separately) of smoking, alcohol
intake, physical activity and BMI on cause-specific mortal-
ity.17 Sex-based differences in the direct and indirect effects
could be attributed to geographical differences, as varia-
tions in socio-economic-related behaviours by sex have
been previously demonstrated.43 Differences could also be
attributed to sex-related patterns of intermediate lifestyle
behaviours, as it has been previously demonstrated that
attitudes and behaviours in lifestyle factors differ between
women and men.44
Notably, we demonstrate the hazard gradient of mortal-
ity would substantially decrease if there were hypothetical
interventions to raise SEP or education from a lower to
higher status, where effects were larger with increased edu-
cation. Through a scenario of higher education, total
effects on mortality could be reduced by 15% for women
and by 29% for men. This could be reduced by 5% via the
indirect path of the mediators considered and by 10% via
all other pathways by for women and by 11% via the indi-
rect path of the mediators considered and by 18% via all
other pathways for men by increasing population-level ed-
ucation. Direct effect estimates may differ from previous
findings in the same and/or similar populations,5,23 likely
due, at least in part, to our joint mediation approach. In
studies where only one mediator is accounted for at a time,
the assumption is that each mediator represents indepen-
dent and non-intertwined causal pathways and, thus, the
direct effect associated with one mediator could partially
constitute the indirect effect of another mediator.45
This study is not without limitations. Our hypothesis fo-
cused on two socio-economic indicators. This, along with
the binary modelling of SEP and education, may limit cap-
turing the full social stratification process and socio-eco-
nomic-gradients, and an underestimate of the effects on
all-cause mortality. Additionally, a single measurement of
occupation for SEP may not capture the dynamics of multi-
ple socio-economic factors, such as interactions with in-
come. There is the potential for unmeasured confounders
and/or other casual intermediates not assessed, such as
early-life socio-economic and health factors, social net-
works, access to healthcare, psychosocial factors and other
morbidities such as cancer. This may lead to an underesti-
mation of mediating factors and an overestimation of the
NDE of SEP or education on all-cause mortality. We com-
bined cohort data from different time periods and geograph-
ical locations, and assessed the mediators at one time point;
such an approach has limitations.46 We may not have cap-
tured historical differences in environments (e.g. dietary pat-
terns), there might be varying degrees in the precision of the
measurements and we did not capture events occurring be-
tween observations, which collectively may affect the results
of the study. However, most of the data were collected using
similar protocols, limiting differences in exposure, mediators
and covariates across cohorts, and we did account for po-
tential cohort effects in the models. Our study did not ac-
count for certain dynamics within longitudinal settings
where the exposures, mediators and confounders (and sub-
sequent relationships between them) may be time-varying.
This is particularly important to consider for life-course epi-
demiology and for the DAGs developed to inform analyses,
where we tend to focus on the time for which observations
are available in data.47 Methods to address multi-time-point
data using causal inference within a survival context have
proven difficult. At least one method48 has recently been put
forth to estimate the direct and indirect effects integrated
over time, producing cumulative effect estimates using an
additive hazards model. However, application of this
method to the present study is limited, as it has not been
extended to cover multiple mediators. Additionally, as is
typical with many longitudinal studies,49 we had limited
time-varying information in our data, underscoring an antic-
ipated area for future research. There is the potential for
measurement error of the exposure and/or mediators and
there are limitations in dichotomizing mediators, possibly
leading to residual confounding and underestimation of the
indirect effects, and overestimation of the direct effects,50
though this is not always so. Furthermore, there are other
multi-mediator methods within causal inference to estimate
interventions, including estimating the controlled direct
effects,51 and (in)direct interventional effects.52 Currently,
these have not been applied to settings with more than two
mediators and these methods may provide less information
regarding the causal mechanisms, making the estimates
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potentially less generalizable. Future studies will need to
consider such limitations, including the potential for expo-
sure–mediator, exposure–covariate and mediator–mediator
interactions. It is possible that intermediate behaviours and
morbidities assessed in the present study may act as both a
confounder and also a mediator, particularly if they are
measured at the same time; e.g. one’s BMI could influence
their SEP.21 Given that all mediators (except for diet in
some cohorts) were assessed post baseline when the expo-
sures were assessed, it is unlikely that they are confounders
of the relationship between socio-economic indicators and
mortality; however, to fully address this, we would need in-
formation on the mediators collected before the exposure.53
Future studies will benefit from having multiple waves with
repeated exposure and potential mediator/confounding
data. Lastly, we postulate a hypothetical intervention on
SEP or education, but do not define or operationalize how
such an intervention could be formulated for policies.
Raising SEP or education requires interventions with likely
imperfect compliance, and education and SEP are them-
selves intermediate roles between policy measures (such as
incentives) and mortality. Therefore, the quantitative results
of this study enhance the understanding of inequalities in
health, but should not be taken literally for policy considera-
tions. Despite these limitations, the effect estimates in the
present study are robust and important for understanding
etiological pathways of socio-economic-related all-cause
mortality.
A major strength of the study includes the use of counter-
factual NEM to address several issues that may ensue from
using traditional methods,54 such as the difference and prod-
uct methods for mediation. NEM models allow for the de-
composition of effects in the presence of exposure/mediator
interaction, overcoming a limitation of difference and prod-
uct methods, and structural equation modelling.55 Notably,
we attempt to eliminate sources of bias introduced from
adjusting for mediators15 and issues that arise when ignor-
ing more than one mediating pathway (i.e. interest in only
one mediator) by evaluating joint mediation ‘en bloc’.37
This approach is particularly useful when the directionality
between multiple mediators is in question, is robust to
unmeasured common causes of mediators and is identifiable
even if we relax assumptions to allow for unmeasured con-
founding.56 Additionally, joint mediation can ease computa-
tional challenges for path-specific decomposition within the
constraints of current mediation methods. When earlier
mediators may affect subsequent ones, there are (2n)!
(where n is the number of mediators considered) ways of
decomposing a total causal effect into a sum of path-specific
effects.57 Thus, assessing multiple mediators can become
cumbersome, exemplified by the eight mediators in the pre-
sent study resulting in 256 path-specific effects. However, a
con to this approach is that we do not know the entire de-
composition of the mediated effects. We assessed mediation
as a whole where the indirect effect is through at least one
(or all) of the mediators and the effect is not further disen-
tangled into the contribution of all specific pathways through
which a single mediator transmits the exposure effect on the
outcome. Even in light of assessing path-specific multiple
mediators, another consideration still in question is the abil-
ity to meet the identification criteria for conditional path-
specific effects and is an area for future research.56 An addi-
tional strength is the assessment of both education and occu-
pational positions as socio-economic indicators. Education
and occupation indicate different underlying concepts that
may lead to distinct causal pathways. Additionally, based on
a sensitivity analysis, we find that marital status may act as
an effect modifier of the relationship between socio-eco-
nomic indicators and all-cause mortality. Future studies,
with more power, will need to further investigate this.
In conclusion, our findings validate the role of lower
SEP and education on all-cause mortality. Our results also
suggest that the lifestyle intermediates, BMI and co-
morbidities contribute to an indirect effect and an increased
HR for all-cause mortality. This work, alongside other
models of social causality, can assist in inductive causal rea-
soning of socially patterned diseases and mortality risks.
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